There has been a dispute among morphometricians Zelditch, Fink, and Swiderski, 1995; Adams and Rosenberg, 1998; Rohlf, 1998; Swiderski, Zelditch, and Fink, 1998; Zelditch, Fink, Swiderski, and Ludrigan, 1998) on the possibility of using morphometric data, expressed as shape variables (particularly partial warps) extracted by geometric morphometrics methods, in phylogenetic analyses. Much has been said against and in favor of this particular combination of geometric morphometrics and cladistics, but the issue is not yet resolved. This is probably because the single point that makes the partial warps unsuitable as characters for cladistic analysis, was not thoroughly considered: the lack of biological signi cance in partial warps when treated as single univariate characters. To project a multidimensional space into a set of single dimensions by different rotations for parsimony analysis, the single dimensions must have biological signi cance by themselves (what cannot be expected from partial warps, Rohlf, 1998) . This problem is derived from the shape nonmonotonicity theorem, originally published by Bookstein (1980) , that asserts: "for any three triangles of landmarks, no two of which have exactly the same shape, and for any ordering of three triangles, there exist inde nitely many shape measures consistent with that ordering" (Bookstein, 1994, p. 206) . In other words, the ordination patterns in shape space are not consistent for all possible shape variables, although the distances among shapes are always preserved.
Our perception of the world is deeply dependent on the dimensions we can observe.
Natural phenomena are usually expressed in a multivariate fashion, even though most of us are limited to visualizing things in a maximum of three dimensions. To understand the phenomena, we must reduce the dimensionality by projecting our observations in a plane or a space, according to some sensible criterion (multivariate analyses usually maximize some sort of variance). If we have to draw a tridimensional pen in two dimensions, the sensible choice is a lateral view where the silhouette of the pen can be discerned. If we choose a different view (e.g., end view) to project the pen, no one will be able to discern the pen from a ball. Zelditch et al. (1995) , Swiderski et al. (1998) have demonstrated how shape variables (partial warps) obtained by geometric morphometrics can be coded for phylogenetic analysis. This short note shows how their method corresponds to an arbitrary set of projections and how different arbitrary choices affect the outcome of cladistic analysis of morphometric data.
THE SPECIES TETRAHEDRON EXAMPLE
I refer to a message by F. L. Bookstein to the electronic conference MORPHMET in April 6, 1994, to exemplify the point. Although Rohlf (1998, p. 156 ) calls attention to the problem, it was not thoroughly examined in the discussion that followed . The Bookstein message contained a worked example of a tetrahedron formed by four species in a threedimensional shape space, showing how the 796 FIGURE 1. Tetrahedron formed by four species with four landmark con gurations in a tridimensional shape space.
projection of a multivariate shape space into single arbitrary dimensions to create variables for coding gives results that are not suitable for phylogenetic reconstruction.
Consider four species that present disjunct distributions in shape space. Their distribution centroids form a tetrahedron in a shape space that requires only three dimensions to be visualized (Fig. 1) . In this case, no matter the number of landmarks in the con gurations, the species tetrahedron needs only three dimensions to be viewed. To visualize this gure in three dimensions, imagine that the Edge 2-4 is the one closest to your eye, and Edge 1-3 would be invisible if the tetrahedron faces were opaque. The vertices correspond to the mean shapes of the species, as calculated by a generalized least squares superimposition (Rohlf and Slice, 1990) . Any multivariate statistical analysis (i.e., that considers all dimensions simultaneously) performed in this space will give the same result for any particular rotation that is chosen as a basis to describe the relationship among the species. To connect this picture with the usual cladistic methodology, we need to extract binary descriptors from this con guration of species. This implies projecting the species along single dimensions in this shape space, so these univariate shape variables can be coded binarily. If we project the species onto single coordinate axes, freely rotating the tetrahedron formed by the four species, we can arbitrarily get an in nite number of Table 1 . A parsimony analysis of this matrix yielded three most parsimonious unrooted trees (Fig. 3) , which require nine steps each. These trees show that the seven arbitrary characters derived from arbitrary rotations of the species tetrahedron support any possible unrooted tree.
If one limits the number characters to a subset of the seven characters showed in Figure 2 , there is the possibility that, by chance, a resolved tree will be found. Having said before that the rotations were arbitrary, this situation is even more misleading than to nd several trees, because it gives the false impression of a stable result.
The geometry of shape space does not help us decide which shape variables (rotations) are representing the real phylogenetic tree, because they support any possible cladogram. The historical relationship among the species must be known beforehand (as from molecular phylogenetic studies) to determine which rotation of the tetrahedron will give us shape variables depicting evolutionary shape changes. But then, there would be no interest in using the shape variables for phylogenetic inference. is that the geometry of shape space is based in Procrustes distances, which are Euclidean (or Riemannian), not Manhattan distances (there is no way to draw a square block in shape space). There is concordance among the arguing parts that the shape nonmonotonicity theorem is a real problem for binary coding of morphometric data. Zelditch et al. (1998) argued that the problem of projecting multivariate spaces to single dimensions is not particular to morphometrics, but rather of parsimony analysis, which requires binary coding of univariate characters. This takes us to the core of the problem of cladistic analysis of morphometric variables: The FIGURE 3. Most parsimonious trees obtained from the data matrix in Table 1. shape variables (partial warps) used by Zelditch et al. (1995) are not biologically signi cant by themselves (as stressed by Rohlf, 1998) . Therefore, they are likely to produce results similar to those obtained by the arbitrary rotations of the tetrahedron example. The multidimensional shape space cannot be reduced to single dimensions without a biologically sensible criterion. If one is interested in the major trends of shape variation within groups, relative warps analysis gives a good approximation, because it rotates the shape space to lie along the direction of maximum withingroup shape variation (Rohlf, 1993) . If one's goal is to examine intergroup differences, canonical variates analyses (Rohlf, Loy, and Corti, 1996) allows one to nd shape variables that maximize among-group variation. The criteria of maximum variance are wellknown and used in the morphometric literature, and constitute the basis of multivariate analysis. On the other hand, the partial warps are projections of data on the principal warps (Bookstein, 1991) , which are eigenvectors of a bending energy matrix de ned by the geometry (i.e., interlandmark distances) of a single tangent landmark con guration . When interpreted as single variables, the partial warps bear no more biological signi cance than Fourier harmonics (Rohlf and Archie, 1984) . Therefore, they are arbitrary in the biological sense and can be compared to the arbitrary shape variables in the tetrahedron example previously mentioned. Zelditch et al. (1995) argue that "because the principal warps are determined by the starting form, the biological signal does not lie in their number nor in where they are localized." Rohlf (1998) has shown that the partial warps have the same inherent problem, because they are weighted principal warps, whose pattern of deformation is determined in advance by the landmark conguration. Zelditch et al. (1998) disagree with Rohlf (1998) , because they consider the partial warps as functions of an organism, what is wrong in the sense that partial warps are functions of a bending energy matrix based on the physics of a metal plate, not of an organism. Zelditch et al. (1998) still argue that arbitrariness will always be a common issue in any subdivision of an organism into characters. This argument could bring us to a logical dead-end, but it is erroneous also. Systematists usually have so much experience on their group of organisms that they tend to sample characters that are aligned with trends of large variation among species. The choice of characters is based on a careful evaluation of morphological structure, development, and function, using as much biological information as there is available. Therefore, there should be a self-contained and convincing biological justi cation for the choice and de nition of a character to be used for phylogenetic inference by parsimony (Klingenberg, pers. comm., August 1999) . This is certainly not the case for partial warps. Even the biological meaning of closeness of homologous points makes no difference for the thin plate spline. I should also point out that this critique is not addressed to quantitative variables in general (these may be subjective, but are usually not arbitrary), nor to the cladistic method. It is directed to the use of partial warps as binary univariate characters. The problems listed previously explain why Naylor (1996) found so much homoplasy in his simulated data set, when testing the Zelditch et al. (1995) method, and why Adams and Rosenberg (1998) found different tree topologies for arbitrary rotations of the shape space being used.
It is important to stress that the partial warps present this problem of arbitrariness only if their multivariate nature is not respected. If one uses the proper combinations of multivariate and geometric methods as suggested by Bookstein (1996) , although outside the context of phylogenetic inference, the partial warps can be more informative than the traditional lengths and widths directly measured in organisms (Adams and Funk, 1997; Monteiro and Abe, 1999) .
The recent geometric developments in the eld of morphometrics have incorporated a shape concept as follows: the properties of a gure that are invariant to rotation, translation, and size (Small, 1996) . For the geometric methods, the shape of a landmark con guration is a single mathematical object, depicted by the multivariate shape space formed by the shape variables. Perhaps one direction that research on this area should point to is to nd a method for multivariate codi cation of shape of an object (one that has to be invariant to arbitrary rotations of shape space). If it is acceptable to code shape as a single object then the shape of different morphological structures and components within a morphological structure might be analyzed separately and included as different characters in phylogenetic analysis.
ACKNOWLEDGMENTS
Most good ideas developed in this note came from a message by F. L. Bookstein to the electronic forum MORPHMET in April, 1994 , and the discussion that followed. Earlier versions of the manuscript were improved by the comments of F. J. Rohlf, S. F. dos Reis, D. C. Adams, D. Swiderski, and C. P. Klingenberg.
Received 1 February 1999; accepted 10 September 1999
Associate Editor: R. Olmstead tant measure of topological robustness (e.g., Donoghue et al., 1992; Bremer, 1994; Farris et al., 1994) , and BS is commonly reported in systematic studies.
BS scores are calculated independently, but BS scores for different clades in the same topology are not necessarily independent of one another. For example, in the estimation of BS for a particular clade, the shortest topology that lacks the clade of interest may contradict other clades in the minimum-length tree. Alternatively, the collapse of the clade of interest may make the simultaneous collapse of another clade more costly. BS scores for different supported nodes are not necessarily additive. Therefore, BS scores or a summation of BS scores, that is, total support (TS; Källersjö et al., 1992; Bremer, 1994) , may not always be a complete summary of stability to relaxation of the parsimony criterion.
